One contribution of 21 to a Theo Murphy meeting issue 'Cosmic-ray muography'.
Introduction
Cosmic rays, respectively, the secondary particles from the atmospheric showers that they cause, were discovered more than 100 years ago, in 1912, by Austrian physicist Victor Hess in high-altitude balloon flights [1] . Muons were discovered in 1936 at Caltech, when Carl Anderson and Seth Neddermeyer investigated cosmic rays in detail [2] . By the 1960s, cosmic-ray muons were no longer only a research subject, but they were well enough understood to be used as a research tool by Luis Alvarez in his search for hidden chambers in the Chephren pyramid in Egypt [3] . In fact, they had already been used in 1955 by E.P.George in Australia to determine the ice burden over a tunnel [4] . Over time, it became routine in particle physics experiments to use them for the commissioning of new particle detectors. Their high average energy of 3 GeV leads to straight tracks in the Earth's magnetic field and their low flux of about 100 Hz m −2 at sea level is not challenging for any data acquisition system, but sufficient to take some useful data. At several underground experiments, the cosmic-ray muon shadow of the moon has been used to verify the position resolution of the detector. One example is the IceCube neutrino experiment at the South Pole [5] . Muon detection has been an important component of the CMS and ATLAS experiments at CERN and played an important role in the discovery of the Higgs boson in 2012 [6, 7] . In fact, CMS is an acronym for 'Compact Muon Solenoid', emphasizing the importance of muon detection for the experiment. In 2003, researchers at Los Alamos National Laboratory published a seminal paper [8] on imaging with cosmic-ray muons that showed for the first time how the Coulomb scattering of muons in matter could be used for imaging applications. Previously, only information from the absorption of muons in matter had been used. This paper is the kick-off point for a rapid increase of publications on muography as shown in figure 1. In the developmental chain from the research subject to research tool to technology (figure 2), this marks the transition from a research tool to technology, i.e. a tool with applications outside of research.
The properties of a technological tool define the possible and useful applications of the tool. Cosmic-ray muons are highly penetrating, their average energy is about 10 000 times the energy of a typical X-ray and they can penetrate hundreds of metres of rock. This means that they are suitable to image objects that are behind or inside of shielding material that is too thick or deep for other imaging methods. They are natural and ubiquitous, which means that any imaging method using them is entirely passive and therefore neutral with regards to health and safety regulations. Their low flux means that they are suitable only for applications that are not time-critical. Finally, cosmic-ray muons are cost-free and their availability is unlimited on human timescales. This makes them a perfect resource. 
Muography applications
For this overview paper, I am choosing the term 'muography'-literally 'writing with muons'-to mirror terminology like 'radiography' or 'lithography'. 'Muon imaging' is similarly neutral, but 'muography' has been established for a while in the community of volcanologists that use cosmicray muons to image volcanoes. Other terms that are frequently used are 'muon tomography' and 'muon radiography' which I will use for three-dimensional imaging similar to X-ray tomography and two-dimensional absorption imaging, respectively (figure 4).
More and more applications for muography are emerging, but most of them can be grouped into the categories geoscience, nuclear safety and security, civil engineering and archaeology. The infographic in figure 3 provides an overview of potential applications. These are fields where applications can be found that combine shielding, resolution and time scales for which muography is a suitable imaging method.
The most frequent application in geoscience is the imaging of the inside of volcanoes. This method is now widely used by volcanologists, e.g. in Japan, Italy and France. There are several papers in this special issue that deal with this particular application [9] [10] [11] . Other geoscience applications include prospecting, especially brown site mining exploration [12] , imaging of underground structures [13, 14] and the monitoring of carbon capture storage sites [15] . Muography for geoscience applications fills a niche between other imaging technologies like ground penetrating radar and seismology, imaging at depths and resolutions that are not suitable for those.
Nuclear safety and security is another obvious application: the very fact that radioactive material and waste is typically stored in shielded containers that are designed to contain the radiation also means that similar radiation cannot be used to image their contents. This is where the high average energy and the minimum ionizing nature of cosmic muons comes into play. The ability of muography to distinguish between nuclear fuel and other metals including lead is crucial for applications in nuclear security, in particular for cargo screening for national security [8] , but also for safeguards applications, e.g. the monitoring of dry storage casks [16, 17] . The search for special nuclear materials inside cargo containers was one of the first potential applications of muon tomography. The imaging of the contents of nuclear waste containers and the quality assurance for nuclear waste treatment processes [18, 19] are further key applications in the field of nuclear safety. Finally, nuclear reactors themselves also can be imaged with cosmic muons. There have been attempts to image the corium in the Fukushima-Daichi reactors [20] , supported by simulations that indicate that this should be possible.
Civil engineering applications include the monitoring of the inside of blast furnaces [21] , the monitoring of historical buildings [22] , large structures like bridges and wind turbines and potentially also structures at oil rigs. Civil engineering is by far the largest potential market for commercial muography, but it is so far also the least explored field. This may have to do with the fact that this is typically a field that is more used to industry-led innovation, while the applications in nuclear safety and security and in volcanology are typically publicly funded. Most research in muography is still being carried out in the context of university research and national laboratories, and these are more likely to look for applications for which public funding is available.
Probably the best-known application of muography concerns the Pyramids in Egypt. In principle, this archaeological application is a particular civil engineering application. From the point of view of the measurement, there is no fundamental difference between a cavity in a nineteenth century bridge or in a pyramid. The ScanPyramids project recently discovered cavities in the Pyramid of Khufu (Cheops) [23] , using three different sets of muon detectors and combining the results. They have found indications for a large cavity above the Grand Gallery and for a previously unknown access corridor from the North face of the pyramid.
It is instructive to consider which applications are suited for muon tomography and which for muon radiography. muon tomography are in the centimetre to tens of centimetres range, while muon radiography ranges from tens of centimetres to hundreds of metres.
Detector systems
There are currently three main types of detector system: mobile radiography systems, static tomography systems and borehole detectors. Figure 5 illustrates the typical detector systems and imaging techniques used for absorption radiography and scattering tomography.
Muon tomography requires at least two detector planes above and two below the object that is to be imaged. The upper detectors can be seen as defining the radiation source, similar to the X-ray source in a CT system, while the lower detectors detect the presence, absence and scattering of the muons that were defined by the upper detectors. This is, in fact, very similar to a CT system, but due to the angular distribution of cosmic muons and due to the geometric limits imposed by the detector system only a narrow angular range around the vertical is covered. This necessarily means that the resolution of such a muon tomography system in the horizontal plane (in x and y) will be much better than the vertical resolution (along with the z-axis). The existing muon tomography systems are static systems, i.e. they require that the object or sample is placed inside their active volume. This active volume is most typically of the order of m3; the largest one has an active volume of tens of m3. Typical examples of static muon tomography systems are the system at INFN Padova [24] and the Lynkeos Muon Imaging System produced by Lynkeos Technology Ltd. in Scotland [18] . The Los Alamos MMT [25] can also be transported in a trailer for fieldwork (figure 6). The largest static system is the cargo container scanning system produced by Decision Sciences in the USA. Muon radiography requires at least two detector planes in order to define the tracks of the detected cosmic muons to produce a two-dimensional absorption image. Often three or four detector planes are used for better resolution and efficiency. Muon radiography results are not necessarily limited to two-dimensional images; the information from several detectors imaging the same volume can be combined to form a three-dimensional image, as was done e.g. by the ScanPyramids project [23] . The large scale of the objects typically makes it impossible to use muon tomography, so that radiography is the only option for two-dimensional as well as three-dimensional imaging. The typical detector set-up is a telescope of three or four identical detector planes inside a transport container. The applications, e.g. in volcanology, usually require a mobile detector system. The typical size of a muon radiography detector plane is about 1 m 2 , not least because this is about the limit for mobility. Typical examples are the muon telescopes used by the MURAY experiment in Italy and by ToMuVol in France, as well as the systems used by CRM GeoTomography in Canada ( figure 7) .
Borehole detectors are, as the name already suggests, designed to be used in underground applications using boreholes. The size of the borehole defines the size and geometry of the detector. Borehole detectors are in principle small radiography detectors with cylindrical geometry. They have additional requirements for the detector design, e.g. data transport to the surface and water resistance that complicate the design. On the other hand, they have to be much smaller than the regular muon radiography detectors. The borehole detector from PNNL ( figure 8 ) is a good example of this detector type.
Commercialization
As cosmic muons have become a technological tool and muography a technology, this is also the point where commercialization starts to make sense. The first company founded in this field was Decision Sciences International Corporation in the USA, a spin-off company from Los Alamos National Laboratory, where the seminal research paper on muon tomography [8] was published in 2003. Five of the currently six muography companies worldwide were founded very recently, and most of them are spin-off companies from research laboratories or universities. The company foundation often followed academic research projects, e.g. Lynkeos Technology Ltd. was founded The first applications that were realized were cargo scanning for national security and mining exploration. Cargo scanning uses the potential of muon tomography to detect special nuclear materials inside cargo containers that are densely packed with other materials so that they cannot be penetrated by X-rays. However, the low natural flux of muons requires the addition of other measurement techniques-muography alone would be too slow or lead to too many false positives. Mining exploration, starting with brown site exploration, uses the capability of muon radiography to image higher density ore inside lower density rock. At existing mines, it is possible to place muon detectors below potential ore deposits and use the combination of several muon radiography detectors to produce a three-dimensional image of the ore deposits. For prospecting, a set-up with several borehole detectors can play the same role. Nuclear safety and security, more precisely the imaging of the contents of shielded nuclear waste containers, was the third application that has been commercialized. As the very point of shielded containers is to contain the radioactivity inside, it is clear that similar radiation cannot be used to image their contents. X-ray and gamma sources and detector are therefore not able to image nuclear waste containers, but cosmic-ray muons with a typically energy that is three orders of magnitude higher than that of gamma rays are able to do so. This application requires a muon tomography set-up. Figure 9 gives an overview of the commercial companies in the field of muography that currently exist. To my knowledge, as of 2018 three of the listed muography companies are trading, i.e. have sold products or services: Decision Sciences have sold a cargo scanning system to Singapore in 2017, CRM GeoTomography have imaged ore deposits at a Uranium mine in Canada in 2017 and Lynkeos Technology have imaged the contents of vitrified waste containers in 2017 and set up a demonstrator system at Sellafield in 2018. The products of the other companies are currently at various stages of development.
Future directions
The muography applications that have been realized and commercialized up to now are not necessarily going to be the main applications in the future. They just happened to be those that offered a good combination of available funding and technical suitability. To get an impression of which future directions can be expected in muography, it is instructive to consider the suitability of muography and the technical maturity of the application. I have attempted to do this in the diagram in figure 10 , plotting suitability versus maturity.
Applications that can be expected to play an important role in the future are those which score high in suitability and those that at the same time are not yet very mature are those that are likely going to be developed in the future. These applications are civil engineering (e.g. monitoring bridges), tunnels and cavities and nuclear safeguards (e.g. monitoring of dry storage casks). If this is combined with the detector types that are currently being used for which applications, it seems logical that mobile detector systems for radiography, but also for tomography, are going to be more typical in the future. At the same time, detector systems will have to become commercial products and be designed with the application in mind, rather than being based on available detectors from particle or nuclear physics experiments. Ultimately, this may lead to the commodification of large-scale tracking detectors, in a way that has already taken place for detector technologies with medical applications.
I expect muography to become a technology that finds its place between other imaging technologies and that is used when it is simply the best technology for the purpose. In some cases, there is no alternative that could deliver comparable results, and where this is combined with a commercial interest it will lead to successful commercialization.
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